Abstract This paper concerns a method for estimating the age of children based on their teeth. The sample consisted of 455 Italian white children (213 boys, 242 girls) aged between 5 and 15 years. The purpose of the present investigation was to present a method for assessing chronological age based on the relationship between age and measurement of the open apices in teeth. Pearson's correlation coefficients between age and these variables showed that the correlations between age and the open apices in teeth were significant and negative. Furthermore, gender and the number of teeth with the apical end of the root canals completely closed (N 0 ) showed a significant correlation with chronological age. With the aid of a stepwise multiple regression model, a linear relationship between open apices, N 0 , and age was shown. Statistical analysis indicated that these morphological variables explain 83.6% of the variations in estimated chronological age. The median of residual errors between the actual and estimated ages was −0.035 years [interquartile range (IQR)=1.18 years].
Introduction
Age estimation in children is a fundamental question in forensic medicine, paediatric endocrinology and in orthodontic treatment. The most important anatomical areas for age estimation are dental and the hand-wrist area. During the growth of a person, the application of skeletal, odontological, anthropological and psychological methods allows an approximate assessment of age. Among the methods most frequently used for skeletal maturity are those concerning the left hand-wrist area (e.g., TannerWhitehouse [1] and FELS [2] methods), which can produce estimates up to the age of 16 years, at which time wrist maturation is complete in 90% of subjects. Other useful methods are based on radiographs of specific structures such as medial clavicular epiphysis cartilage [3, 4] .
However, these skeletal methods present some drawbacks in view of the important variability of bone maturation, which is influenced by environmental factors. An alternative approach based on dental development was shown to be suitable for age determination in children because the calcification rate is controlled more by genes than by environmental factors, and this yields a lower variability [5] [6] [7] .
Various odontological methods have also been carried out to estimate age, assessing eruption phases within acceptable error limits. Basically, these methods define the stages of mineralization of teeth observed in radiographs and code them according to predetermined scores.
The most common method for age estimation was published in 1973 by Demirjan, Goldstein and Tanner [8] and subsequently modified by others authors [9, 10] . Indeed, the Demirijan method offers the possibility to calculate a maturity score as a function of age and its 95% confidence interval. Therefore, this method is designed for clinicians who know the real age of the children and want to know if they deviate from the norm, to determine if their dental maturity is advanced or delayed. Since the estimates and their predictive intervals are calculated for the maturity score, this method is inappropriate for chronological age estimation [11] .
Nevertheless, the Demirijan method is widely used in studies of dental maturity and for age estimation in individuals of unknown age [12, 13] . To improve this method, several authors developed alternative approaches based on the measurement of some significant tooth parameters, such as the degree of racemization of aspartic acid in the enamel of teeth [14] [15] [16] or crown height, apex width root and pulp length of the teeth observed in radiographs [17] [18] [19] .
The purpose of this investigation was to present a method for assessing chronological age in children based on the relationship between age and the measurement of the open apices in teeth. In an attempt to improve the precision and reliability of the age estimations, other dental features were also taken into account, and the different statistical models were compared.
Materials and methods

Subjects and materials
Orthopantomographs taken from 455 Italian white children (213 boys, 242 girls) aged between 5 and 15 years were analysed (Table 1) . X-rays were digitized using a scanner, and images were recorded on computer files, which were processed using a computer-aided drafting program (Adobe Photoshop 7).
The seven left permanent mandibular teeth were valued. The number of teeth with root development complete, apical ends of the roots completely closed (N 0 ), was calculated.
Furthermore, the teeth with root development incomplete, and therefore with open apices, were considered. For teeth with one root, the distance (A i , i=1,...,5) between the inner sides of the open apex was measured (Fig. 1 ). For teeth with two roots (A i , i=6, 7), the sum of the distances between the inner sides of the two open apices was evaluated (Fig. 2) . To take into account the effect of possible differences in magnification and angulation among xrays, we normalized the measurements by dividing by the tooth length (L i , i=1,..,7).
Finally, dental maturity was evaluated using the normalized measurements of the seven left permanent mandibular teeth
, the sum of the normalized open apices (s) and the number (N 0 ) of teeth with root development complete.
All measurements were carried out by the same observer. To test intra-observer reproducibility, a random sample of 40 panoramic radiographs were re-examined after an interval of 2 weeks. Intra-observer reproducibility of measurements was studied using the concordance correlation coefficient. Furthermore, correlation coefficients were evaluated between age and predictive variables. To obtain an estimate age as a function of the morphological variables and subjects' gender, we developed a multiple linear regression model with first order interactions by selecting those variables that contributed significantly to age estimations using the stepwise selection method. Analysis of covariance (ANCOVA) was then applied to study the possible interactions between significant morphological variables and gender. Statistical analysis was performed with S-PLUS 6 statistical programs (S-PLUS 6.1 for Windows Professional Edition Release 1). The significance threshold was set at 5%.
Results
There were no statistically significant intra-observer differences between the paired sets of measurements carried out on the re-examined panoramic radiographs. Pearson's correlation coefficients between age and morphological variables showed that all of these variables were significantly correlated with age. All correlation coefficients between age and morphological variables were significant and negative. Subjects' age was modelled as a function of the morphological variables (predictors), and to optimize the model, a stepwise regression procedure was applied.
The results (Table 2) show that gender and the variables x5 (second premolar), s, N 0 and the first order interaction between s and N 0 contributed significantly to the fit. Thus, only these variables were included in the regression model, yielding the following linear regression formula: where g is a variable equal to 1 for boys and 0 for girls. In Eq. 1, only intercept varies with gender, and therefore, sexual dimorphism does not change with age. However, the equation points out to advanced dental maturity for girls at all ages.
This model had the lowest Akaike Information Criterion (AIC) value among the considered multiple regression models, and there was a modest improvement in the model fit when all predictors were used. Indeed, the full model explained 86.5% of total variance, whereas Eq. 1, with the selected variables, explained 83.6% (R 2 =0.836). The median of the residuals (=observed age minus predicted age) was −0.035 years, with interquartile range (IQR)=1.18 years.
The residual plot (Fig. 3, left panel) shows no obvious pattern, and only three observations appeared to be possible outliers. The observed vs predicted plot (Fig. 3, right panel) shows that the regression model fits the trend of the data reasonably well. Hence, both diagnostic plots support our chosen model.
Discussion
The need to estimate the age of living individuals is becoming increasingly important in forensic odontology since there are increasing numbers of immigrants (illegal or otherwise) who arrive in a country without acceptable identification papers and, more generally, individuals with missing or uncertain birth data.
The study of the morphological parameters of teeth on dental x-rays of adult humans is more reliable than are most other methods for age estimation and is most commonly used to determine age in living humans. Several studies show that morphological measurements can be reliably made in panoramic radiography, provided that some corrections are made to take into account the individual variability of tooth size and the differences in magnification of radiographs and angulation between x-ray beam and film.
In this study, to obtain an estimated age in Italian children aged between 5 and 15 years old, we used the measurements of the open apices of the seven left permanent mandibular teeth.
When open apices were measured on digitized images of mandibular teeth, the concordance correlation coefficient showed that there were no significant intra-observer differences. Based on this result, we conclude that this technique can produce reliable and reproducible intra-observer measurements. ANCOVA showed that gender had a significant influence on age estimation and was therefore included as a factor in the model equation. All the normalized open apices showed a significant correlation with age, but only x5 contributed significantly to the fit, while the other teeth entered the model equation (Eq. 1) through the sum of the normalized open apices (s). Since dental development does not follow a linear progression, in the forensic context, some authors employed curvilinear functions to relate chronological and dental age. In particular, when dental maturity was evaluated using Demirjian's maturity score, third degree polynomial functions were used [20] .
Our method, based on the normalized open apices of the seven left permanent mandibular teeth, employed a second degree polynomial function (Eq. 1), which showed a median of the absolute value of residual error of less than 0.04 years (median=−0.035 years, IQR=1.18 years) and a standard of estimate of 0.93 years. It is therefore comparable with other age estimation methods in children and is reasonably efficient and accurate. The present research confirms the validity of dental methods, together with other methods, for accessing biological age in a forensic context.
